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Abstract
Despite the large number of genes contributing to the immune response, wildlife
immunogenetic studies have tended to focus mostly on the major histocompatibility
complex-related genes. Here, we utilized previously published microarray and competitive
RNA hybridization information to identify 3750 immune relevant Atlantic salmon (Salmo
salar) expressed sequence tags. We then identified those expressed sequence tags containing
microsatellites and subsequently designed 48 primer pairs and tested them for polymorphism
in Atlantic salmon. Altogether, 16 polymorphic markers were characterized, with allele
numbers ranging from two to 18, and these 16 loci were further tested in five other salmonid
species.
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Organisms are under constant exposure by a plethora of
infectious microorganisms and opportunistic pathogens
trying to gain access to host species, which is expected to
lead to a large number of immune-related genes experiencing
different selection pressures compared to the rest of the
genome. Despite of this, only few studies thus far have
investigated differentiation patterns in other immune
relevant genes than major histocompatibility complex
(MHC) genes, thus illustrating the need for developing tools
for such studies (Acevedo-Whitehouse & Cunningham 2006).
Here, we utilize previously published microarray and
competitive RNA hybridization information to identify
potentially immune relevant expressed sequence tags (EST)
containing simple sequence repeats and subsequently design
and test primers for 16 such EST-linked microsatellite
markers in Atlantic salmon (Salmo salar) and five other
salmonid species.
For the development of immune relevant EST-linked
microsatellite markers, the literature was searched for
Atlantic salmon ESTs from genes differentially expressed
following an exposure to various pathogens, including the
bacterium Aeromonas salmonicida (Tsoi et al. 2004; Martin et al.
2006), monogenean parasite Gyrodactylus salaris (Matejusová
et al. 2006; Collins et al. 2007), and saprolegniaceae water
moulds (Roberge et al. 2007). These studies used suppressive
subtractive hybridization (Tsoi et al. 2004; Martin et al. 2006;
Matejusová et al. 2006), differential display polymerase
chain reaction (PCR; Collins et al. 2007) or cDNA microarrays
(Martin et al. 2006; Roberge et al. 2007) to identify genes for
which transcription levels were modified after pathogen
challenge. In total, 3750 candidate ESTs were identified
using this approach and MsatCommander (Faircloth 2008)
was employed to screen them for di-, tri- and tetranucleotide
microsatellites with at least seven, five and four uninter-
rupted repeat units, respectively. Duplicates among the
92 microsatellite-containing ESTs were identified using
Sequencher 4.7 (Gene Codes Corporation) with a minimum
overlap of 20 bp and 60% identity criterion, and discarded.
Following this step, 59 nonredundant potentially immune
relevant microsatellite containing ESTs remained in the data
set. ESTs were inspected for potential intron-exon boundaries
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Table 1 Information about the newly developed immune relevant EST-linked microsatellites and tested MHC-linked markers, including PCR details, and diversity indices 
Locus name Acc. no.
Repeat 
motif
Pathogen challenge 
(reference)* Homology
PCR details Diversity indices
Primer sequence† Multiplex‡ Label
Primer 
conc. (μm)
Anneal 
temp. (°C)
Size 
range (bp) AA r HE HO
SsaIR001TKU BQ036348 (AG)12 Aeromonas salmonicida (1) — F: AAGAGCGAGAGAGAAGGATGG 1 FAM F: 0.1 59 103–109 3 2.0 0.17 0.16
R: GTTTCACAGAATCAACAGTCAGCAA R: 0.2
SsaIR002TKU CA769643 (AG)10 A. salmonicida (2) Danio rerio Barrier-to-
autointegration factor 
F: GGGTACAAGCAGGGGTCTTA 1 FAM F: 0.15 59 236–242 4 2.7 0.35 0.35
R: GTTTAAGAGTGGACCGACAACAAT R: 0.45
SsaIR003TKU AM041422 (GT)13 A. salmonicida (2) D. rerio Ubiquitin-
fold modifier 1
F: TGTTCTGCAGGTCAGAAGTGA 2 VIC F: 0.1 59 143–155 5 3.8 0.5 0.42
R: GTTTGAGTGGGAGGAAGGGGAGTA R: 0.2
SsaIR004TKU CA050138 (AG)10 A. salmonicida (2) Oncorhynchus mykiss 
Interleukin-1 beta (IL1B1S)
F: AGCTATTTCCAAGGCGTTCA 2 VIC F: 0.15 59 306–316 4 2.3 0.25 0.25
R: GTTTCACCACTCAGGAGAGCATGA R: 0.45
SsaIR005TKU BQ036316 (CTT)7 A. salmonicida (1) Mus musculus DEAD 
box polypeptide 21
F: CGACGACTTTTTCATCTGTCTT 2 VIC F: 0.05 59 372–375 2 2.0 0.33 0.34
R: GTTTGGACAACACATCTCATTCCAA R: 0.1
SsaIR006TKU BQ035444 (CT)7 A. salmonicida (1) — F: TCAGCATGTCTACCTGAGTGC 3 NED F: 0.03 60 104–110 3 1.2 0.02 0.02
R: GTTTGCGTCATAGGATAGAGTGAGG R: 0.06
SsaIR007TKU CB505442 (AG)9 Saprolegniaceae (3) D. rerio Calpain, 
small subunit 1
F: GCAATGCTGCCATCTAGTGA 3 NED F: 0.05 60 176–184 3 2.0 0.14 0.16
R: GTTTCAAGGAAAGCCTACAAAAAGC R: 0.1
SsaIR008TKU BQ036008 (GT)8 A. salmonicida (1) D. rerio Zgc:56488 F: GTTTGGCATCACAAATCTGG 3 NED F: 0.1 60 452–456 4 2.6 0.38 0.36
R: GTTTGCTGATGGTGAACTCACAGG R: 0.2
SsaIR009TKU BQ036891 (AC)12 A. salmonicida (1) — F: TGGTGACTCATATTTCCAACCA 4 PET F: 0.05 59 112–120 4 2.2 0.25 0.22
R: GTTTCCAACAGCCATTCCATTTTC R: 0.1
SsaIR010TKU BQ036089 (AG)10 A. salmonicida (1) — F: CAACGACACCATACCAACCA 4 PET F: 0.05 59 190–194 3 2.3 0.22 0.22
R: GTTTAACCCCTTCCAAGTTCCATC R: 0.1
SsaIR011TKU CB510754 (ATC)8 Saprolegniaceae (3) — F: CCAGCCAACTACGACAACTG 4 PET F: 0.2 59 361–373 3 2.8 0.5 0.5
R: GTTTGTGGTTATTTTTGGGGTGA R: 0.6
SsaIR012TKU BQ036591 (AATC)14 A. salmonicida (1) O. mykiss Neutrophil 
chemotactic factor (LECT2)
F: GAGTCCCCTTTGGCCTCTC 5 FAM F: 0.1 59 156–224 18 10.5 0.84 0.83
R: GTTTAAACACAGTAAGCCCATCTATTG R: 0.2
SsaIR013TKU BQ035408 (AAAT)4 A. salmonicida (1) — F: TGGAAGCGATGTCCTGATACT 5 FAM F: 0.05 59 308–336 5 1.7 0.09 0.1
R: GTTTGCTTCAAGACAATCTTTATTGTGG R: 0.1
SsaIR014TKU AM049816 (ATC)6 A. salmonicida (2) O. mykiss Partial mRNA 
for clusterin-2 protein
F: CTGAGGTGGTGGCACAGC 5 FAM F: 0.15 59 389–401 4 2.5 0.4 0.41
R: GTTTATTGTTTGGTTCTTACAGCAGGA R: 0.45
SsaIR015TKU BQ036380 (AT)9 A. salmonicida (1) — F: TGCACTTCATTTCCCATTCA 6 NED F: 0.1 59 185–187 2 1.6 0.09 0.09
R: GTTTGGATTTTCCCTGAATTTTTATTCT R: 0.2
SsaIR016TKU CA055146 (AT)9 Saprolegniaceae (3) — F: CCAAAAATGTCCCATTCACC 6 NED F: 0.15 59 312–323 10 5.2 0.6 0.57
R: GTTTGTGTGCCACTCAGAATTG R: 0.45
*1,Tsoi et al. 2004; 2, Martin et al. 2006; 3, Roberge et al. 2007; †a GTTT ‘tail’ (underlined) was added to the 5′ end of each nonlabelled primer to enhance extra-A addition (Brownstein et al. 
1996); ‡additional, previously published, MHC-linked microsatellite loci were included in multiplexes 1 and 3. Details available on request. A, total number of alleles; Ar, allelic richness; 
HE, expected heterozygosity; HO, observed heterozygosity.PERMANENT GENETIC RESOURCES 3
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with GenScan (Burge & Karlin 1997) in order to avoid
designing primers that would cover large exonic regions
which likely contain introns making the amplicons too
long for PCR amplification. Forty-eight primer pairs for
33 di-, 10 tri- and 5 tetranucleotide microsatellites were
designed using Primer 3 (Rozen & Skaletsky 2000). An
M13-tail (CACGACGTTGTAAAACGAC) was added to the
5′ end of each forward primer and to facilitate genotyping
by means of enhancing-3′ adenylation, a GTTT ‘PIGtail’
(Brownstein et al. 1996) was added to the 5′ end of each
reverse primer.
Each of the 48 new immune relevant EST-linked loci was
amplified with a test panel of 16 individuals. Loci with no
amplification, no polymorphism or peak patterns difficult
to interpret were discarded while 16 polymorphic loci
producing clear peak patterns were chosen to genotype 198
Atlantic salmon individuals from six anadromous (rivers
Vindelälven, Tornionjoki, Teno, Tuloma, Serga and Kitsa)
and two freshwater populations (rivers Sysky and Taipale)
in northern Europe. The majority of the polymorphic mic-
rosatellite containing ESTs originated from two studies that
evaluated gene expression in Atlantic salmon following
an exposure to A. salmonicida (13 loci; Tsoi et al. 2004; Martin
et al. 2006) while the rest were developed from ESTs
derived from differentially expressed genes following an
exposure to saprolegniaceae water molds (Roberge et al.
2007).
The loci were divided into six groups so that each group
consisted of two to three loci with non-overlapping size
ranges (Table 1). The QIAGEN multiplex PCR kit was
utilized to amplify loci within each of these six groups in 6-μL
PCRs including c. 50 ng of DNA, 0.03–0.45 μm of each locus
specific primer (Table 1), 0.4 μm/locus of the M13 primer
labelled with one of four fluorescent dyes (FAM, VIC, NED,
or PET, Table 1), and 1× QIAGEN multiplex PCR master mix.
The PCR protocols started with a 15-min initial activation
step at 95 °C followed by 14 cycles of denaturation at 94 °C
for 30 s (s), annealing at either 59 °C or 60 °C for 90 s
(Table 1), and extension at 72 °C for 60 s, and 24 cycles of
denaturation at 94 °C for 30 s, annealing at 52 °C for 90 s,
and extension at 72 °C for 60 s. The protocol ended with a
final extension at 60 °C for 30 min. All the loci were also
amplified in single-locus PCRs on a subset of the individuals
and on a progeny of six from one family to confirm the
Mendelian segregation of the alleles. All amplifications
were performed on PTC-100, PTC-200 (MJ Research), 2720
Thermal Cycler (Applied Bioystems), or Mastercycler
gradient (Eppendorf) thermal cyclers.
Following PCR, the loci were divided into two panels,
which were electrophoresed separately. For panel one, 4, 3, 1
and 2 μL of PCR products from multiplex reactions 1, 2,
3 and 4, respectively, were pooled together and diluted
with 70 μL of sterile water, while for panel two, 2 μL of PCR
products from multiplex reactions 5 and 6 was pooled
together and diluted with 76 μL of sterile water. For both
panels, a 2-μL aliquot of pooled DNA was combined with
0.1 μL of GS600LIZ size standard (Applied Biosystems)
and 9.95 μL of HiDi-formamide. The samples were elec-
trophoresed on an ABI PRISM 3130xl genetic analysis
instrument, and GeneMapper 4.0 (Applied Biosystems)
was used to analyse the DNA fragments and to score the
genotypes.
Cross-species amplification was tested in five additional
salmonid species: (brown trout, Salmo trutta; rainbow
trout, Oncorhynchus mykiss; Arctic charr, Salvelinus alpinus;
European grayling, Thymallus thymallus; whitefish, Core-
gonus lavaretus). The loci were amplified in single-locus
PCRs as described above except that 0.1 μm of each for-
ward primer and 0.2 μm of each reverse primer were
included in the reactions. Other procedures were as above.
Genetic diversity among the loci was calculated with
fstat 2.9.3.2 (Goudet 2005). The observed number of alleles
per locus ranged from two to 18, allelic richness from 1.2 to
10.5, and expected and observed heterozygosities from
0.02 to 0.84, and from 0.02 to 0.83, respectively (Table 1).
Using tests implemented in GenePop version 3.4 (Raymond
& Rousset 1995), all of the loci were found to be in Hardy–
Weinberg and linkage equilibrium.
Cross-species amplification was most successful in brown
trout and arctic charr with seven and eight loci, respectively,
giving clear peak patterns (Table 2). In rainbow trout, grayling
and whitefish the number of successfully amplified loci
was six, three and five, respectively (Table 2). The number
of polymorphic loci within a species was either one or two
and in two cases, more than two different alleles were
observed (Table 2). These are likely very conservative pol-
ymorphism estimates because only two to four individuals
of each species were assessed.
Interestingly, it was possible to find corresponding
homologous sequences in other species for just half of the EST
microsatellites (Table 2). Hence, the marker development
approach applied here enabled the characterization of novel
immune relevant markers in relatively fast evolving genes.
Such loci would be likely overlooked when concentrating
only on known well-conserved candidate genes. However,
future work is required to evaluate if these immune related
loci have experienced different selection pressures compared
to the other regions of the genome, and if there is a direct
or indirect functional link between developed microsatellite
variability and immune response.
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Table 2. Amplification success, size range and number of alleles of the newly developed immune relevant EST-linked microsatellites loci in other salmonid species 
Locus name
Salmo trutta (n =4 ) Oncorhynchus mykiss (n =2 ) Salvelinus alpinus (n =4 ) Thymallus thymallus (n =4 ) Coregonus lavaretus (n =2 )
Quality
Size range 
(bp) A Quality
Size range 
(bp) A Quality
Size range 
(bp) A Quality
Size range 
(bp) A Quality
Size range 
(bp) A
SsaIR001TKU Clear 109–115 2 Clear 89 1 Weak 99 1 Background 104 1 Multiple — —
SsaIR002TKU Multiple — — Multiple — — Multiple — — Multiple — — Multiple — —
SsaIR003TKU Weak 144 1 Stutter 170–204 3 Clear 135 1 Weak 129 1 Multiple — —
SsaIR004TKU Clear 308 1 Clear 235–364 2 NA — — NA — — Multiple — —
SsaIR005TKU Clear 371 1 NA — — Clear 378–382 2 Multiple — — Clear 375 1
SsaIR006TKU Unspecific — — Unspecific — — Unspecific — — Unspecific — — Unspecific — —
SsaIR007TKU Unspecific — — Multiple — — Weak 167 1 Unspecific — — Unspecific — —
SsaIR008TKU NA — — Multiple — — Clear 438 1 Multiple — — Background 444–454 2
SsaIR009TKU Multiple — — Multiple — — Multiple — — Multiple — — Multiple — —
SsaIR010TKU Multiple — — Clear 198 1 Clear 192 1 Multiple — — Multiple — —
SsaIR011TKU Clear 364 1 Multiple — — Clear 361 1 Clear 384 1 Clear 350 1
SsaIR012TKU Clear 124–136 4 Clear 93 1 Clear 105 1 Multiple — — Clear 109 1
SsaIR013TKU Clear 308 1 Clear 293 1 NA — — NA — — Clear 266–307 2
SsaIR014TKU Unspecific — — Unspecific — — Unspecific — — Unspecific — — Unspecific — —
SsaIR015TKU Unspecific — — Unspecific — — Unspecific — — Unspecific — — Unspecific — —
SsaIR016TKU Unspecific — — Unspecific — — Unspecific — — Unspecific — — Unspecific — —
A, total number of alleles. Amplification quality: clear, clear peak with no background; weak, clear but weak peak with no background; background, clear peak with background; stutter, 
peak with considerable stutter; multiple, several clear peaks on a wide range with no background; unspecific, unspecific amplification patterns; NA, no amplification.PERMANENT GENETIC RESOURCES 5
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